Factors shaping spatiotemporal patterns of associations in mutualistic systems are poorly understood. We used the lichen-forming fungi Peltigera and their cyanobacterial partners Nostoc to investigate the spatial structure of this symbiosis at an intrabiome scale and to identify potential factors shaping these associations.
Interspecies associations have extensive implications for evolutionary and ecological success in all ecosystems, as organisms are constantly being shaped by their biotic and abiotic interactions (Thompson, 2005) . Of the many types of interactions among organisms, obligate mutualistic relationships represent some of the closest and most intimate associations (Boucher et al., 1982) . Dependence by one symbiotic partner can impose selective forces on both partners (i.e., coevolution). These interactions are mediated by abiotic factors (e.g., climate) and can differ greatly geographically (Thompson, 2005) .
Lichens have long been considered and studied as model examples of mutualistic symbioses (Nash, 2008) . With rare exceptions in Ostropales (Wedin et al., 2004; Baloch et al., 2010) where a loss of lichenization occurred (Lutzoni et al., 2001) , the fungal partner (mycobiont) is always found in nature in association with a photosynthesizing partner (photobiont). In some cases, a secondary mycobiont (e.g., Basidiomycota yeast; Spribille et al., 2016) or photobiont (e.g., green alga and cyanobacterium together; Miadlikowska and Lutzoni, 2004 ) is part of the same lichen thallus. Because lichens are associations between heterotrophs (fungi), photoautotrophs (green algae and cyanobacteria), and sometimes organisms that fix atmospheric dinitrogen (cyanobacteria [Hodkinson et al., 2014; Darnajoux et al., 2017] and members of the Rhizobiales [Hodkinson and Lutzoni, 2009; Hodkinson et al., 2012] ), they are ecologically successful in a wide variety of environments, including inhospitable areas such as hot deserts and cold polar regions (Cornelissen et al., 2001; Nash, 2008) . The study of interspecies specificity (here restricted to the main lichen partners), defined as the number of partner species that are selected by one species throughout its geographic range, is essential for a comprehensive understanding of the lichen symbiosis (Otálora et al., 2010) and other symbioses in general. The specificity of lichen-forming fungal species and their main photobionts ranges from strict specialists (associating with only one species) to moderate specialists (associating consistently with a few species) to broad generalists (associating with many species with little or no apparent selectivity). In general, the fungal partner of lichens has a higher degree of specificity in choosing a photobiont than the photosynthetic partner, which has a lower degree of specificity toward mycobionts (e.g., Paulsrud and Lindsblad, 1998; Yahr et al., 2004; O'Brien et al., 2013; Magain et al., 2017a) .
There are advantages and disadvantages at both ends of the spectrum. Higher specificity is thought to allow a partner to optimize the benefits obtained from the other partner, while low specificity can allow a partner to occupy more ecological niches (de Vienne et al., 2013) . Although it is not entirely clear why mycobionts are usually specialists whereas photobionts are often generalists, several factors seem to be implicated in this pattern. It has been hypothesized that abundance can determine interaction frequency between species, because a relatively abundant species will have frequent encounters with many other individuals of different species (Vasquez et al., 2007) . Photobionts are much more widespread and common than their mycobiont counterparts (Werth, 2011) , which may lead to increased interaction frequency and generalist behavior. Interaction frequency can be considered a proxy for ecological effect, given that the most prevalent entity in a biological system is thought to create disproportionate influence (Vermeji, 1999 (Vermeji, , 2004 . This is found to be the case in lichens especially at a small spatial scale, as photobionts are thought to have disproportionate influence over mycobionts, such that mycobionts are more dependent on photobionts for survival (Magain et al., 2017a; Chagnon et al., 2018) . Mycobionts thus often experience stronger pressure to adapt to a photobiont, which may contribute to their specificity (Chagnon et al., 2018) .
Because these factors are not the only ones in play, the general trend of high mycobiont specificity and low photobiont specificity is not always observed. Mycobiont species have been found to associate with multiple photobiont phylogroups, which were used as proxies for species in the case of cyanobacteria (e.g., O'Brien et al., 2005; Magain et al., 2017a, b) . The drivers of variation in interaction specificity have yet to be fully elucidated, but this variation has been linked to an interplay of genetically and environmentally based factors. For example, a harsher regional climate may result in selective pressures toward greater flexibility in mycobiont partner choice (Wirtz et al., 2003; Pérez-Ortega et al., 2012; Singh et al., 2016) . When a mycobiont lineage is colonizing a new biogeographic zone with a different set of potential partners, flexibility in partner selection may be more beneficial, initially, than being a strict specialist (Singh et al., 2016; Magain et al., 2017a) . However, long periods of evolutionary time may shift the pattern toward specialization, as the mycobiont experience differential fitness with different partners under the same environmental conditions. This may result in a mycobiont species associating selectively with one or a few closely related and ecologically adapted (e.g., to water or sun exposure) photobiont phylogroups (Peksa and Škaloud, 2011; Magain et al., 2017a ).
The genus Peltigera Willd. presents an interesting system for analyzing association specificity and has been the subject of several evolutionary studies at different temporal and spatial scales, designed to reveal patterns of association between symbionts. Some Peltigera species are strict specialists (i.e., only found to associate with one Nostoc Vaucher ex Bornet and Flahault phylogroup throughout their distribution), while others are broad generalists and associate with many Nostoc phylogroups (Magain et al., 2017a) .
According to the worldwide study by Magain et al. (2017a, b) , the geographic ranges of highly specialized Peltigera species in section Polydactylon seem to be limited by their partnering Nostoc's distribution, whereas generalist Peltigera species, or species associating with different phylogroups in different regions (local specialists; as reported by Blaha et al. [2006] and Nelsen and Gargas [2009] ), can spread across wider and more diverse geographic regions through their multiple associations. At a global geographic scale, distributions of Nostoc phylogroups seem to be highly dependent on climatic factors (Magain et al., 2017a) .
A key element in understanding the evolution of generalist lichen-forming fungi may be host switches from one photobiont to another when they reach the limit of the distribution of one photobiont, resulting in an extension of the mycobiont's distribution range (de Vienne et al., 2013) . This may be the predominant evolutionary mechanism shaping symbiotic associations, given that cospeciation, in which the two partners diverge together, appears to be relatively rare (de Vienne et al., 2013; Singh et al., 2016) . This is supported by Magain et al. (2017a) , in that some Peltigera species seem to switch among a few closely related Nostoc phylogroups from biome to biome but do not cospeciate. On a smaller and less variable geospatial scale, different evolutionary mechanisms might be at play (i.e., mycobiont selectivity and ranges of cyanobiont partners may not be the limiting factors of distribution as is the case at a global spatial scale).
We analyzed patterns of association of Peltigera species and their Nostoc partners (identified on the basis of ITS and rbcLX loci, respectively) along two transects of nearly 1300 km each (southnorth and east-west) in the boreal biome. We examined potential drivers (environmental variables vs. presence of symbiont vs. both factors) of each partner's distribution using linear mixed models. Specifically, we sought to answer the following questions: (1) Does the distribution of Nostoc phylogroups determine the distribution of Peltigera species in the boreal biome? (2) Does an abiotic climatic gradient drive patterns of associations or symbiont distributions in this biome? (3) Do global patterns of association and specificity hold true within this biome?
MATERIALS AND METHODS

Sampling
In August 2011, sampling was conducted along two transects (south-north [SN] and east-west [EW] ) that crossed the circumboreal belt in Québec, Canada. On the SN transect, there were nine major equidistant localities (~160 km apart) ranging from 46.77°N, 73.01°W (SN1) to 57.91°N, 72.98°W (SN9), spanning ~1300 km from the southern limit of the boreal biome (Canadian Shield) to the tree limit (Fig. 1) . Specimens of Peltigera were found and collected in eight localities (Appendix 1), from the second-most southern locality (SN2: 48.63°N, 73.04°W) to the northernmost locality (SN9: 57. 83°N, 73.19°W) . Within each of these eight localities, sampling was systematically conducted at three sites (west [W] , central [C] , and east [E]) arranged linearly and separated by 3.2 km from the central site. Within each of the three sites we explored three clusters (W1, W2, W3; C1, C2, C3; E1, E2, E3) of 20 m in diameter each, placed ~10 m apart. The EW transect was located roughly at the latitude of SN4 (51.03°N). The central locality along the EW transect (EW0: 51.11°N, 68.52°W) was ~320 km to the east of SN4 (Fig. 1) . East-west localities ranged from 2.4 km (1.5 miles) to 640 km (400 miles) away from EW0. The EW transect spanned ~1300 km from the westernmost (W400: 50.28°N, 77.50°W) to the easternmost locality (E400: 51.68°N, 59.15°W). Peltigera specimens were found and collected from 11 localities ranging from W100 (50.53°N, 70.74°W) to E200 (51.28°N, 63.84°W). Along the EW transect, each locality was represented by only one site (C), and similar to the SN transect, we explored three clusters (C1, C2, C3) of 20 m in diameter each, placed ~10 m apart. Lobes were taken from 93 Peltigera thalli from these 19 localities (35 sites and 105 clusters) and air dried before processing for molecular work. All these specimens were deposited at DUKE (Appendix 1).
Data collection
DNA was extracted from 77 lichen specimens (16 specimens were already included in Magain et al. [2017a] ) using a standard phenolchloroform DNA isolation protocol with 2% SDS buffer (Zolan and Pukkila, 1986) . The internal transcribed spacer (ITS) of the nuclear ribosomal RNA tandem repeats was selected to characterize mycobiont populations because it is highly variable at the species level in Peltigera (Miadlikowska et al., 2003; O'Brien et al., 2009) and has been used as a universal DNA barcode for fungi (Schoch et al., 2012) . This region was amplified successfully for 74 specimens using polymerase chain reaction (PCR) with the primers ITS1F (Gardes and Bruns, 1993) and ITS4 (White et al., 1990) following Magain et al. (2017a) .
For the cyanobacterial photobiont Nostoc, rbcLX-which includes the last 82 amino acids of the RUBISCO large subunit (rbcL), a putative chaperone gene (rbcX), and two intergenic spacers (Li Fig. 3 . Black dots indicate specimens for which both partners, mycobiont and cyanobiont, were identified on the basis of ITS and rbcLX sequences, respectively. Colored dots represent specimens with missing ITS (red) or rbcLX (green) sequences. Longitude of W200 is approximated by the longitude of SN4 as shown by the large gray star, which also depicts where the EW transect crosses the SN transect. and Tabita, 1997)-was amplified and sequenced for 75 specimens using the primers CX and CW (Rudi et al., 1998) as described in O' Brien et al. (2013) . Both ITS and rbcLX were successfully sequenced for 72 of the 77 sampled specimens. The PCR products were purified with ExoSAP (Afymetrix, Santa Clara, California, USA) following the manufacturer's protocol and sequenced as described in Magain et al. (2017a) at the Duke Genome Sequencing and Analysis Core Facility of the Institute for Genome Sciences and Policies. All newly generated ITS (74 sequences) and rbcLX (75 sequences) data were deposited in GenBank (Appendix 1). Sequences of each locus (ITS and rbcLX) from 16 specimens were already deposited in GenBank by Magain et al. (2017a) .
Alignments
All sequences were subjected to BLASTn searches (Wheeler et al., 2007) to confirm the fungal or cyanobacterial origin of each sequence fragment. They were assembled (visually inspected and manually corrected when necessary) using Sequencher version 5.0.1 (Gene Codes Corporation, Ann Arbor, Michigan, USA) and aligned using MacClade version 4.08 (Maddison and Maddison, 2005) . The "Nucleotide with AA color" option was used for guiding the rbcLX alignment. Sequencing reactions of rbcLX produced clean reads without evidence of secondary peaks, suggesting that a single photobiont genotype dominated in each of the lichen thalli. Ambiguously aligned regions were delimited manually following Lutzoni et al. (2000) and were excluded from phylogenetic analyses.
Phylogenetic analyses
We assembled a dataset consisting of 319 rbcLX sequences of freeliving and symbiotic Nostoc spp. from GenBank in addition to the 16 already published and 75 newly generated sequences from the transects, for a total of 410 rbcLX sequences. Both spacers in rbcLX were too variable to be unambiguously aligned across the alignment and were removed from subsequent phylogenetic analyses (696 sites). The final matrix contained 621 nucleotide sites. Maximum likelihood searches for the optimal trees and bootstrap analyses of the cyanobiont sequences were conducted using RAxML version 8.2.10 (Stamatakis, 2006; Stamatakis et al., 2008) as implemented on the CIPRES portal (Miller et al., 2010) . These searches were conducted with the rapid hill-climbing algorithm for 1000 replicates with the general time reversible (GTR) substitution model (Rodríguez et al., 1990) and gamma distribution parameter approximated with four categories in all analyses. A partition of three subsets corresponding to the first, second, and third codon position of the rbcLX was defined.
Haplotype network
Following previous studies (Magain et al., 2017a, b ; J. Miadlikowska, unpublished data, for section Peltidea), mycobiont species were identified on the basis of their ITS sequences. Separate ITS alignments were prepared for haplotype network analyses on the two Peltigera sections, Polydactylon Miadlikowska and Lutzoni (798 nucleotide sites) and Peltidea (Ach.) Vain. (691 nucleotide sites). The delimitation of the sections of the genus follows Miadlikowska and Lutzoni (2000) . Because haplotype network analyses were restricted to each species or small group of closely related species separately, no ambiguity was found in these subalignments and, consequently, all nucleotide sites were used to infer haplotype networks. Haplotype networks were generated using TCS version 1.21 (Clement et al., 2000) based on 69 mycobiont ITS sequences from section Polydactylon and 21 mycobiont ITS sequences from section Peltidea. We used a parsimony criterion with the 0.95 threshold value, and gaps were considered as a fifth character state.
Modeling Peltigera-Nostoc distribution
For each Peltigera species that occurred in at least six clusters (P. aphthosa, P. neopolydactyla 1, P. occidentalis, P. scabrosa 1, and P. scabrosa 2), we modeled the probability of species presence across the study region as a function of climate and the presence of observed Nostoc symbiont phylogroups using generalized linear mixed models. We fit three types of models for each species: (1) an environment-only model with linear and quadratic effects of temperature and precipitation from the warmest three months of the year, in which quadratic effects were constrained to be negative so that species responses are concave-down; (2) symbiont-only models, which estimate the effect of each potential Nostoc symbiont's presence on the probability of presence; and (3) full models that combine each symbiont-only model with the environment-only model and also include interactive effects of symbiont presence on the response of Peltigera species to environmental variables. All models used a Bernoulli likelihood with logit link function and included a random intercept for the effect of locality (to model spatial autocorrelation). We used weakly informative normal and halfnormal priors for coefficients and a weakly informative half-Cauchy prior on the standard deviation of the normally distributed random effect of locality. For comparison, we fit the same set of models for each Nostoc phylogroup that occurred in at least six clusters (Nostoc phylogroups IV, VIIa, and XIa). In this case, the symbiont-only models assess the effect of Peltigera species presence on the probability of a Nostoc phylogroup's presence.
Climate data were obtained from WorldClim (http://worldclim. org/version2), which interpolates and averages weather station data from 1970 to 2000. We chose total precipitation and mean temperature during the warmest quarter as measures of water availability and thermal environment because these two variables were less correlated than other, similar measures (r = 0.38) and because they represent environmental conditions when these lichen thalli are metabolically active. We coded models in Stan (Carpenter et al., 2017) and estimated parameters with the MCMC "No-U-Turn" sampler using the R package "RSTAN" (Stan Development Team 2017) and three sampling chains. Model convergence was checked with standard diagnostic tests, and sampling chains were run until all parameters obtained ≥1000 effective samples. Models were compared with Akaike weight (WAIC) and area under the ROC curve (AUC). Effects of environmental variables were determined visually from plots of conditional posterior predictive distributions.
RESULTS
Data collection
We generated 149 new sequences: 74 ITS sequences from Peltigera and 75 rbcLX sequences from Nostoc. Both ITS and rbcLX were obtained for a total of 72 lichen specimens, while two specimens yielded only ITS sequences, and three specimens yielded only rbcLX sequences (Appendix 1). Overall, for the 93 lichen specimens collected along both transects, including already published sequences, 90 ITS sequences of the mycobionts and 91 rbcLX sequences of the cyanobionts were included in this study. A total of 88 thalli were represented by sequences of both partners (Appendix 1).
Along the SN transect, mean temperature in the warmest quarter ranged from 15.8°C at the second-most southern locality (SN2) to 11.4°C at the most northern locality (SN9). Total precipitation during the warmest quarter ranged from 181 mm at SN9 to 326 mm at SN3 (Fig. 1) . Although less variable, climatic factors were not entirely even longitudinally. Temperature ranged from 11.5° to 13.1°C, and precipitation ranged from 309 mm to 354 mm within the EW transect (Fig. 1) .
Peltigera haplotype network
In total, nine Peltigera species (sensu Magain et al., 2017b) belonging to sections Peltidea and Polydactylon (Miadlikowska and Lutzoni, 2000) were detected in the sampled material for this project (Fig. 2) . These nine species represent five traditional morphospecies names: Peltigera aphthosa (L.) Willd., P. malacea (Ach.) Funck, P. neopolydactyla (Gyeln.) Gyeln., P. occidentalis (A.E. Dahl) Kristinsson, and P. scabrosa Th. Fr. Section Polydactylon included 71 specimens from six species (Fig. 2) , which were identified in accordance with Magain et al. (2017b) on the basis of ITS sequence comparisons. There were six specimens of Peltigera neopolydactyla 4, representing two haplotypes separated by one mutation. One of the two haplotypes was prevalent because it was found in five of the six specimens sampled for this species (Fig. 2) . The nine sequenced specimens of P. scabrosa 2 belong to three haplotypes, two common (n = 4) and one rare (n = 1; Fig. 2 ). Peltigera scabrosa 1 encompassed 22 sequenced specimens (Fig. 2) , which split into two haplotypes: one common haplotype found in 18 specimens and a less common haplotype found in four specimens. A total of five specimens were identified as P. scabrosa 4, all belonging to the same haplotype. Similarly, P. occidentalis and P. neopolydactyla 1 were represented by one haplotype comprising nine and 18 specimens, respectively (Fig. 2) .
Section Peltidea accounted for a total of 22 specimens representing three species (Fig. 2) , which were identified in accordance with Miadlikowska and Lutzoni (2000) and more recent analyses (J. Miadlikowska, unpublished data) based on ITS sequence similarity. Peltigera aphthosa encompassed 14 specimens (one was identified based solely on morphology), representing four haplotypes with one being prevalent (n = 9). FIGURE 2. Schematic cladogram (in black) depicting relationships among nine putative Peltigera species from two sections, Peltidea and Polydactylon, sampled for this study (adapted from Magain et al., 2017a; J. Miadlikowska, unpublished data) . Gray lines and triangles indicate placements of the remaining species included in section Polydactylon (Magain et al., 2017a, b) , not sampled in this study. ITS haplotype networks of sampled Peltigera species are shown at the tip of the terminal branches. Each circle represents a unique ITS haplotype, and its size is proportional to the number of included specimens (n); black dots indicate the number of mutations between haplotypes. Colors represent, proportionally, the Nostoc phylogroups (as delimited in Specimens of P. malacea sensu lato corresponding to P. malacea 2 (J. Miadlikowska, unpublished data) are represented by four sequences from two haplotypes, while all four specimens of P. malacea 5 (J. Miadlikowska, unpublished data) had identical ITS sequences (Fig. 2) .
Nostoc identity
Based on the global rbcLX phylogeny of Nostoc (Appendix S1, see Supplemental Data with this article), a total of five phylogroups from Nostoc clade 2 (sensu Otálora et al., 2010) were identified in accordance with O'Brien et al. (2013) and Magain et al. (2017a) (Fig. 3) . These phylogroups were well supported (bootstrap values >70%), except for phylogroup IV. Nostoc phylogroups III and IV, both from Nostoc clade 2, subclade 2, were found in four and 22 specimens, respectively (Figs. 2 and 3 ). Within subclade 3, which contains most lichenized cyanobacteria (Otálora et al., 2010; Magain et al., 2017a) , Nostoc phylogroup VIIa was the most commonly sampled (from 54 specimens), whereas closely related phylogroup VIId was found only in two specimens and the more distant Nostoc phylogroup XIa was found in eight thalli (Figs. 2 and 3 ).
Peltigera-Nostoc associations
The nine Peltigera species and five Nostoc phylogroups formed 11 symbiotic pairs. Nostoc phylogroups were found to be symbionts of one to four Peltigera species, whereas Peltigera species were found in association with one or two phylogroups ( Figs. 1 and 2) . At the section level, the six species from section Polydactylon are associated with nearly all Nostoc phylogroups, except phylogroup III (Figs. 2 and 3 ). All sequenced specimens of P. scabrosa 1 (n = 22), P. scabrosa 4 (n = 5), P. neopolydactyla 1 (n = 18), and P. occidentalis (n = 9) were found in association only with phylogroup VIIa. Peltigera scabrosa 1 spanned almost the entirety of both transects as one of the most widespread species in this sampling (i.e., across SN2-SN8 in latitude and W100-E100 in longitude) (Fig. 1) . Individuals of P. scabrosa 4 were found only in the northern portion of the SN transect (SN6-SN9), and this species was not collected on the longitudinal transect that is located approximately at the latitude of SN4 (Fig. 1) . Peltigera neopolydactyla 1 ranged from SN3 to SN6 and from W100 to E100 (Fig. 1) , whereas P. occidentalis ranged from SN5 to SN9 and from W100 to E200. Both were thus fairly widespread, especially on the EW transect. Specimens of P. scabrosa 2, which were confined to the northern portion of the SN transect (SN8 and SN9), occurred in association with two cyanobionts, Nostoc phylogroups XIa and VIId (Figs. 1  and 2 ). An individual collected at E200, morphologically identified as P. scabrosa 2, was found in association with a cyanobiont from phylogroup XIa. Given that the latitude of the EW transect can be roughly approximated by the latitude of SN4, E200 was the most southern point at which P. scabrosa 2 was found. Unfortunately, the identification of this specimen at E200 could not be confirmed with DNA sequencing because the ITS sequencing failed.
Peltigera neopolydactyla 4 was restricted to the southern parts of the SN transect, with samples collected at the most southern locality, SN2. However, P. neopolydactyla 4 was found multiple times on the EW transect and ranged from E200 to W100, and was also present in the SN transect, corresponding approximately to W200 in longitude. These specimens associated with phylogroup IV, with one exception of an individual collected at W100 that was found in association with phylogroup XIa (Figs. 1-3) .
Species from section Peltidea associated with two Nostoc phylogroups (III and IV; Figs. 2 and 3) from clade 2, subclade 2 (section Peltidea was not found in association with cyanobionts from subclade 3). All sequenced P. aphthosa samples were associated with Nostoc phylogroup IV. Distribution of these specimens ranged from SN4 to SN9 on the latitudinal transect and from W100 to E200 on the longitudinal transect. Peltigera malacea 2, also associated with Nostoc phylogroup IV, spanned SN6-SN8 in latitude and was found at W3 (corresponding to the latitude of SN4; Fig. 1 ). Peltigera malacea 5 was found in association with Nostoc phylogroup III at the northernmost localities, SN8 and SN9 (Fig. 1) .
The Nostoc phylogroups also had variable distributions, although not as scattered as the Peltigera species (Fig. 1) . Nostoc phylogroups VIIa and IV have widespread distributions across both transects and associate with multiple Peltigera species (four and three, respectively; Fig. 1 ). Nostoc phylogroups VIId and III have limited northern distributions (SN8 and SN9) and associate only with P. scabrosa 2 and P. malacea 5, respectively (Fig. 1) . The presence of these two phylogroups in the northernmost localities results in a higher Nostoc diversity in the northern portion of the SN transect. Phylogroup XIa, by contrast, has a relatively scattered distribution. It was found in the northernmost localities of the SN transect with P. scabrosa 2 and at both edges of the EW transect in association with P. scabrosa 2 and P. neopolydactyla 4.
Predicted occurrence of Peltigera and Nostoc partners
In all cases, full models including both environmental covariates and the effect of symbiont presence performed better than environment-only or symbiont-only models (Table 1) , except in the case of P. scabrosa 2, for which inclusion of the presence of Nostoc VIId did not improve the predictive ability of the model. Therefore, hereafter we interpret species responses to climate gradients from predictions of the full models. In the full models, three Peltigera species responded to environmental gradients. Models predict that, when the Nostoc symbiont is present at a locality, P. neopolydactyla 1 is more likely to occur at wetter sites, P. occidentalis is less likely to occur at the wettest sites, and P. scabrosa 1 is more likely to occur in the middle of the precipitation gradient (Fig. 4A) . Each of these three species was found exclusively in association with the same Nostoc phylogroup VIIa. Peltigera scabrosa 2 is unlikely to occur at warm-temperature sites, whereas the other taxa show only weak responses to temperature but are generally more likely to occur in the middle of the temperature gradient (Fig. 4B) . In general, precipitation and temperature did not have consistent effects on FIGURE 3. Global phylogenetic tree of Nostoc based on a maximum likelihood analysis of 410 rbcLX sequences representing free-living and symbiotic Nostoc, including 91 cyanobionts from lichen thalli collected along both transects (south-north and east-west) in Québec, Canada. Thick branches received bootstrap values >70%. Clades and subclades were delimited following Otálora et al. (2010) . A detailed view of this phylogenetic tree, including support values, taxon names, and GenBank accession numbers for all terminals, is provided in Appendix S1. Phylogroups sampled in this study are highlighted by colored boxes. Phylogroups were numbered following Magain et al. (2017a) . Two terminal branches were truncated, as indicated by a folding symbol. the distribution of Nostoc taxa among models including different Peltigera symbionts, although models of Nostoc phylogroup IV predicted a lower probability of occurrence at high-temperature sites (Appendices S2 and S3).
DISCUSSION
Our findings were largely aligned with the traditional paradigm that mycobiont species show a higher degree of specialization than their photobiont partners (e.g., Beck et al., 2002; Yahr et al., 2004; O'Brien et al., 2005 O'Brien et al., , 2013 Myllys et al., 2006; Magain et al., 2017a) . Furthermore, we found consistent associations between previously studied Peltigera species and Nostoc phylogroups with no novel mycobiont-cyanobiont pairings (O'Brien et al., 2013; Magain et al., 2017a, b) . The two most common Nostoc cyanobionts (phylogroups IV and VIIa) were associated with seven of the nine Peltigera species sampled for this study (Fig. 2) . None of the Peltigera species were present along the entire length of either the longitudinal or latitudinal transect. Some species were widespread (e.g., P. scabrosa 1) while others were limited to certain areas, mostly restricted to the southern (P. neopolydactyla 4) or northern (P. scabrosa 2 and P. malacea 5) ends of the latitudinal transect. By contrast, the two most common cyanobionts, Nostoc phylogroups VIIa and IV, were found throughout both transects where Peltigera thalli were sampled (Fig. 1) .
Asymmetric specificity associated with ecological success of Peltigera lichens
At this intrabiome spatial scale, the common Nostoc phylogroups and their interactions with Peltigera species displayed a pattern of asymmetrical specialization-highly specialized mycobionts associating with generalist photobionts (Figs. 1 and 2 ). This has been found to indicate the heavy influence that the generalist photobiont partner wields over the specialist mycobiont, in an evolutionary and ecological sense (Chagnon et al., 2018) . This unequal influence mirrors the asymmetrical dependence of these associations; Peltigera TABLE 1. Comparison of models predicting the presence of Peltigera species and Nostoc phylogroups. "Focal species" is the species whose occurrence was modeled.
"Symbiont" indicates which potential symbiont was included as a covariate in the full and symbiont-only models. AUC is the area under the ROC curve. Within each focal species, models are ranked by increasing Akaike weight (WAIC; best to worst). (Figs. 1 and 2 ). As shown in Magain et al. (2017a, b) based on the complete phylogeny of section Polydactylon, these four species belong to two different major lineages in the section: the dolichorhizoid (P. neopolydactyla 1 and P. occidentalis) and scabrosoid (P. scabrosa 1 and 4) clades (Fig. 2) . It is thus possible that the fungal partner speciated while the Nostoc phylogroup did not, resulting in an increasingly more generalist Nostoc symbiont, as suggested by Singh et al. (2016) for lichenized fungi associated with the green alga Trebouxia. For these four Peltigera species, there seems to be no selective pressure for the Nostoc phylogroup to diverge, as the fungal partner continues to be dependent on this Nostoc phylogroup. Overall, our results suggest that Peltigera species have a narrower ecological range than Nostoc phylogroups at this intrabiome scale. The observed high specialization and narrow spatial range of Peltigera within the boreal biome, and the larger geographic range of cyanobiont phylogroups IV and VIIa compared to most Peltigera species, suggests that the spatial distribution of Peltigera species is very likely shaped by other factors (environmental variables) in addition to the presence-absence of their cyanobionts at this intrabiome scale.
Focal species
Spatial scales matter
The finding of Magain et al. (2017a) at a global spatial scale-that a generalist pattern of association with multiple Nostoc phylogroups and local specialization through photobiont switches is associated with larger geographic ranges of the fungal partners-does not appear to hold true at the intrabiome scale. Many of the Peltigera species that were found widely distributed along the transects are strict specialists in the area surveyed, such as P. scabrosa 1 and P. aphthosa. However, this is occurring in an area where their respective cyanobiont phylogroup seems omnipresent, therefore not requiring host switches. Moreover, it should be noted that specialists in this context are not necessarily global specialists. Cyanobiont switches have been reported for species such as P. neopolydactyla 1 and P. occidentalis across bioclimatic zones (Magain et al., 2017a) . For example, these two species, always found in association with Nostoc phylogroup VIIa along the SN and EW transects, and overall across the boreal biome, were associated with phylogroup VIIb in the Appalachian Mountains (Magain et al., 2017a) . Therefore, within the boreal biome, cyanobiont switches do not seem to play a large role in shaping patterns of associations, except at the border with another biome (e.g., the Arctic; Fig. 1) . A potential case of Nostoc switch may be P. scabrosa 2, which is found at lower latitudes with Nostoc phylogroup XIa (E200) and with both Nostoc phylogroups XIa and VIId at the most northern locality (SN9). It is possible that beyond SN9, in the Arctic biome, P. scabrosa 2 might associate more frequently with phylogroup VIId, for example ( Figs. 1  and 3 ). Peltigera scabrosa 2 was also reported with phylogroup VIId in other northern areas such as Nunavik and Greenland (Magain et al., 2017a) . Even if P. scabrosa 2 can associate with two Nostoc phylogroups, it does not seem to correlate with a more widespread distribution within the boreal biome (Fig. 1) . Similarly, P. neopolydactyla 4 was found in association with two Nostoc phylogroups but also showed a limited distribution. These findings are in agreement with a recent study on Peltigera and Nostoc that found evidence against the hypothesis that generalism allows for niche expansion (Chagnon et al., 2018) , showing instead that associating with multiple partners resulted in a "jack-of-all-trades but master of none" scenario, in which a mycobiont's ability to associate with one partner may impair its fitness when associating with another (Wilson and Yoshimura, 1994; Chagnon et al., 2018) . This is supported in the present study, in that Peltigera species that are not strict specialists still show increased preference for one Nostoc phylogroup over others (Fig. 2) . A similar pattern was found in a recent study of Peltigera and cyanobiont associations in Chile and maritime Antarctica, where mycobionts displayed preference for a specific Nostoc through unequal frequencies of association within a climatic zone (Zúñiga et al., 2017) . In finding evidence against the niche-breadth hypothesis, Chagnon et al. (2018) postulated that the range of potential partners does not act as the limiting factor for niche and range expansion for Peltigera and Nostoc. This appears to be true in our study at the intrabiome scale, for both strict specialists and mycobionts associating with more than one phylogroup. Although, as discussed earlier, some specific Peltigera-Nostoc associations are wide ranging in the boreal zone, many are confined to parts of the transect. It is the case throughout much of this sampled region that Nostoc distribution is wider than Peltigera distribution (Fig. 1) . Thus, many Peltigera species are restricted in their distribution, even if their photobiont partner is available in surrounding areas. This biome-level finding differs markedly from the global observation that Nostoc distributions drive Peltigera distribution patterns (Magain et al., 2017a) . However, these conclusions are scale dependent. On the global (i.e., interbiome) spatial scale, cyanobiont availability appears to be the limiting factor for niche expansion. Cyanobiont switches allow Peltigera to bypass the limitation of a specific Nostoc distribution in order to extend their global range (Magain et al., 2017a) . It has also been found within fungal-algal lichen associations that low photobiont availability in harsh environmental regions drives associations toward a generalist pattern, again indicating that photobiont availability is the limiting factor (Wirtz et al., 2003; Singh et al., 2016) . Both of these outcomes show the dynamic interaction between environmental, evolutionary, and genetically based factors, as well as the importance of spatial scale.
At an intrabiome scale, geographic ranges of Peltigera species are shaped more by abiotic factors than by cyanobiont availability It appears that within the boreal biome, environmental factors have more influence on the spatial range of the fungal partner Peltigera than on the Nostoc phylogroups. Specifically, latitudinal gradients, especially precipitation (Fig. 4A) , seem to have greater impacts on the mycobiont than on the cyanobiont. For example, P. neopolydactyla 4 is found only in the southern area of the biome (SN2) and across the EW transect (approximately the latitude of SN4) (Fig. 1) . However, Nostoc phylogroup IV was found throughout our two transects. It is thus likely that environmental limitations drive the distribution of P. neopolydactyla 4. This may indicate that the climatic preferences of Peltigera are more restricted within a biome, and that lichen photobionts are more resilient to abiotic factors, than previously indicated. We did not model the presence of P. neopolydactyla 4 (and P. malacea spp.) because of their limited records.
However, the distributions of three more abundant species-P. neopolydactyla 1, P. occidentalis, and P. scabrosa 1-were highly associated with the climate gradient, especially precipitation (Fig. 4A) . These three species were found exclusively associated with Nostoc phylogroup VIIa, which is present throughout both transects, yet P. occidentalis is more likely to occur in dry sites, P. neopolydactyla 1 is more likely to occur in wet sites, and P. scabrosa 1 is more likely to be found in areas with intermediate levels of precipitation (Fig. 4A) . These relatively narrow environmental spectra for lichen-forming fungi associating with the same photobiont could explain their higher species richness compared to their photobionts and could be an important driver of speciation for the genus Peltigera. By contrast, only Nostoc phylogroup IV showed a slight association with temperature (Appendix S3). Furthermore, models that attempt to predict the distribution of Peltigera species solely from the presence of an appropriate Nostoc symbiont generally perform poorly within a biome. Comparing the predictions of the full models to those of the models containing only environmental covariates shows that environmental constraints of Peltigera species distributions are weaker if the Nostoc symbiont is present. In general, models predict a wider range of suitable environmental conditions when the symbiont is present than when symbiont presence is not included as a predictor (Fig. 4) . For example, the environment-only model of P. scabrosa 2 suggests that this species is unlikely to occur at sites experiencing mean summer temperatures above 12°C. However, when Nostoc XIa is present, that threshold shifts up to 13°C (Fig. 4B) .
In the present study, a notable case that may indicate more finely tuned environmental preferences is that of putative P. malacea 2 and P. malacea 5. Peltigera malacea 2 was found in association with Nostoc phylogroup IV at W3 and from SN6 to SN8, whereas closely related P. malacea 5 occurred in the most northern localities, SN8 and SN9, in association with a different Nostoc (phylogroup III) despite the presence of phylogroup IV. In this case, it is possible that a speciation event of the mycobiont was associated with a Nostoc phylogroup switch. However, to better understand and explain the observed patterns within the malacea complex, we need to extend the sampling farther north.
Factors shaping levels of specificity
The conditions for the rare reciprocal one-to-one specificity in species of the genus Peltigera are not well known but have been described for certain species of Collema, Leptogium, and Degelia lichens (Otálora et al., 2010 (Otálora et al., , 2013 . In those cases, asexual reproduction through codispersal of the mycobiont and the photobiont (i.e., vertical transmission of the photobiont) as well as narrow ecological niches were identified as essential driving factors toward high reciprocal specificity. Given that P. malacea sensu lato does not have specialized codispersal structures, O'Brien et al. (2013) proposed that either thallus fragmentation resulting in clonal reproduction or genetically determined specificity drives reciprocal specificity. Our results are consistent with those of Otálora et al. (2010) showing that a narrow ecological niche may be a driving factor for high specificity, in that P. malacea 5 and its reciprocal partner were found only at the northern reaches in our study.
In assessing genetically based specificity with the resulting Peltigera haplotype network (Fig. 2) and Nostoc phylogenetic tree ( Fig. 3 and Appendix S1), our findings are similar to those of Magain et al. (2017a) and O'Brien et al. (2013) . Although phylogenetic relationships help predict associations in some cases, this is not a consistent rule. For example, Nostoc phylogroup VIIa associates with relatively closely related species, all from section Polydactylon (Figs. 1 and 2) . However, Nostoc phylogroup IV is found with two Peltidea species, P. malacea 2 and P aphthosa, but also with P. neopolydactyla 4, which is a member of section Polydactylon ( Figs. 1  and 2 ; Miadlikowska et al., 2014) . These relationships may then be mediated by spatial distribution, given that phylogenetically unrelated species that are side-by-side in the transect, such as P. neopolydactyla 4 and P. aphthosa, can share the same Nostoc phylogroup (Fig. 2) .
Overall implications
Factors driving patterns of symbiotic associations are scale dependent. Whereas previous studies examined Peltigera and other lichen associations at a macroscale (Singh et al., 2016; Magain et al., 2017a) or mostly at a microscale (O'Brien et al., 2013) , the present study aimed to assess intermediate, intrabiome patterns. We found Peltigera species to be specific, associating with mostly one and sometimes two cyanobiont phylogroups. Although Magain et al. (2017a) showed that at the interbiome scale, environmental factors drive Nostoc phylogroup distributions, which then delimit global Peltigera species ranges, Nostoc availability was not the only driver of Peltigera species geographic ranges and association at the intrabiome scale. At this smaller spatial scale, we found that environmental factors seem to be important co-drivers of Peltigera species distributions and that the most commonly found Nostoc phylogroups have broader ranges than their associating Peltigera species. Many Peltigera species distributions were restricted to subsections of our transects even when the preferred Nostoc phylogroup was more widespread, indicating that regional-scale abiotic factors limit the fungal partner's distribution. Contrary to the mycobiont, in general Nostoc ranges were not associated with climatic variables at this intrabiome scale. Within the boreal biome, an increase in the number of Nostoc partners was not found to expand the distribution range of the mycobiont. and A. E. Arnold (University of Arizona) labs for field assistance in Québec, part of the sampling for the Dimensions of Biodiversity project; and two anonymous reviewers for comments and suggestions that improved the manuscript. The sampling, processing, and sequencing of lichen specimens for this project was financially supported by National Science Foundation grants (DEB-1046065 to F.L.; DEB-1025930 and DEB-1556995 to J.M. and F.L.). This work was supported in part by the Swiss National Science Foundation prospective researcher grant PBGEP3_145339 to C.T.
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Additional Supporting Information may be found online in the supporting information tab for this article. APPENDIX 1. Taxon sampling of Peltigera on the south-north (SN) and east-west (EW) transects (Fig. 1) Notes: Most voucher specimens were collected by J. Miadlikowska and F. Lutzoni and are deposited at Duke University herbarium (DUKE). GenBank accession numbers beginning with MG represent newly acquired ITS and rbcLX sequences. Haplotype numbers refer to specific haplotypes in haplotype networks within a Peltigera species, or closely related species, based on ITS (Fig. 2) . Phylogroup roman numerals refer to Nostoc monophyletic groups based on rbcLX sequences (Fig. 3) , which can serve as a proxy for species, and are consistent with Magain et al. (2017a) . Peltigera species are numbered following species delimitations by Magain et al. (2017b) and J. Miadlikowska (unpublished data) . n/a = not applicable.
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